Abstract. The distance between a base next to the anticodon of tRNA and the 3' CpCpA terminus of the molecule has been estimated by singlet-singlet energy transfer experiments. The energy donor was the Y base of unknown structure found in yeast tRNAphe. Three different energy acceptors were used: acriflavine, proflavinyl acetic acid hydrazide, and 9-hydrazino acridine. These were attached to the periodate-oxidized 3' end of the tRNA. Ro's between 24 and 30 A were calculated for the three chromophore couples by assuming that the relative orientation of donor and acceptor is random. This assumption is supported by the consistency of the experimental results with all three acceptors and by studies of the fluorescence depolarization of Y. The energy transfer observed both by quenching of Y and enhanced activation of the acceptors is quite small, indicating that the anticodon is more than 40 A away from the amino acid accepting terminus. This places severe restrictions on the type of tertiary structure possible for tRNA.
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Little is known about the detailed tertiary structure of transfer RNA. All of the tRNA's of known sequence can be assembled into the cloverleaf pattern of secondary structure.1' 2 A variety of physical and chemical evidence suggests that the cloverleaf is folded into a compact three-dimensional structure which may contain additional regions of base pairing. [3] [4] [5] [6] [7] [8] [9] There are relatively few types of measurements which can directly yield information about the details of this folding.
Recently work from several laboratories has shown that intramolecular singlet-singlet energy transfer can be used to measure the distance between two fluorescent groups attached to a large molecule.10-2 The dependence of the efficiency of this transfer on the distance between the energy donor and acceptor is accurately predicted by the F6rster theory. 13 The finding that yeast tRNAphe contains a strongly fluorescent nucleotide, Y, 14, 15 adjacent to the anticodon immediately suggested that this technique could be profitably applied to studies of the conformation of tRNA. All that was needed was to attach a suitable energy acceptor at some defined site in the tRNA. Materials Coupling of fluorescent labels to tRNA: Yeast tRNAphe in 1-5 mg batches was oxidized with periodic acid as described by Zamecnik ct al. '8 The extent of oxidation was measured by reactivity with 2,4-dinitrophenyl hydrazine. The oxidized tRNA was reacted with either of the three dyes essentially as described by Millar and Steiner. 9 It was found that this procedure is not very reproducible because, at the large dye concentrations needed to achieve a reasonable extent of loading, the dye precipitates most of the tRNA out of solution. In our hands the optimal conditions for loading were either 5-15 mg/ml tRNA, 0.2-1.0 mg/ml PAH or acriflavine, pH 4.3, 5 hr at 37°C; or 10-4 l 9-hydrazino acridine, 2 X 10-M tRNA, pH 4.3, 2 hr at 25°C. Noncovalently attached dye was removed by repeated ethanol precipitation of the tRNA at 0°C. Controls with unoxidized tRNA showed that a minimum of five precipitations was needed to remove all of the intercalated dye. The extent of reaction of PAH and acriflavine with unoxidized tRNA was less than 2% of the reaction with oxidized material. This is strong evidence that the dye is attached specifically to the 3' terminus. Concentrations of dye attached to the tRNA were determined spectrophotometrically using a Cary 15 and the extinction coefficients shown in Table 1 . These extinction coefficients for bound dye were determined either by quantitatively removing the bound dye or by fitting the spectrum of the reaction mixture to a sum of components. Fluorescence measurements: All measurements were made on an Aminco Bowman fluorescence spectrometer equipped with a Beckman 10-in. recorder. This yielded a considerable improvement in the signal-to-noise of the instrument compared with the X-Y recorder supplied by Aminco. Emission spectra were corrected by comparing the spectra of four compounds with published corrected spectra.20 For most measurements the temperature was controlled to 40.10C by using an external thermostatic bath.
Freshly precipitated tRNA or samples freshly eluted from a G-25 Sephadex column were used for all measurements. All solutions contained 0.01 Al MgC12, 0.1 M Na+, and either 0.01 Al phosphate buffer, pH 6.6 or 0.01 M acetate buffer, pH 6.2. Concentrations of tRNA were usually about 4 X 10 AlM.
Calculations of RO: The terms needed to evaluate Ro using equation (2) were computed as follows. The spectral overlap of absorption and emission was determined by numerical integration. The index of refraction of the medium through which energy is transferred was estimated to be 1.4. This is a weighted average of the values for water, sucrose, magnesium phosphate, and pyridine. The quantum yield of Y was estimated by two methods. The integrated intensity of the emission of Y was compared with that of quinine sulfate at equal optical densities.20 This yielded a value of 0.07 for the quantum yield of Y in 0.01 M Mg++. This is the value used in our calculations. It is very sensitive to magnesium concentration and temperature.2' A second estimate was made from the ratio of the measured fluorescent lifetime22 (6 X 10-9 sec) to the radiative lifetime calculated from the integrated absorption intensity of the 320 m1A band of y.23 This value is 0.08 in reasonable agreement with the first result. Calculation of transfer efficiency: For energy transfer experiments, three different systems are required: a macromolecule containing only the donor, both donor and acceptor, and only the acceptor. Purified yeast tRNAphe is obviously the first of these. Yeast tRNAphe containing a covalently attached dye is the second system. For the third system it proved convenient to use a dye coupled to a sample of unfractionated yeast tRNA where the amount of Y is negligible. This is a reasonable system because of the extreme similarity of the 3' ends of all tRNA's of known sequence." 2 (a) Quenching of donor. The efficiency of energy transfer, as defined in equation (1) Results. The dipole-dipole coupling theory of singlet-singlet energy transfer developed by Forster demonstrates that the efficiency of transfer depends on the sixth power of the distance, R, between the donor and the acceptor."3 E = R06/(Ro6 + R6)
(1) R0 can be calculated from the following expression:24 Ro = 9.79 X 103(Jn-4 K2Q)'/6. (2) J is the spectral overlap of the normalized emission spectrum of the donor and the absorption spectrum of the acceptor, n is the index of refraction, Q is the quantum yield of the donor, and K2 is the square of the geometric part of the dipole-dipole interaction tensor averaged over the distribution of orientations of the transition dipoles of the donor and the acceptor. K2 can vary between 0 and 4. We shall assume that there is no correlation between the orientation of the donor and the acceptor. Then K2 becomes equal to 2/3. This assumption will be justified in detail later.
In the present experiments, the donor is the Y base of yeast tRNAphe. This base of unknown structure shows an absorption maximum at 320 m/A and an emission maximum at 460 my. The excitation and corrected emission spectra of Y are shown in Figure 1 . Three different acridine dyes, acriflavine, proflavinyl acetic acid hydrazide (PAH), and 9-hydrazino acridine were used as energy acceptors. The structures of these dyes and a summary of their optical properties are given in Table 1 . All react specifically with the periodate oxidized 3' end of tRNA. Acriflavine has been used before as a tRNA label for fluorescence polarization studies.19 25 The absorption and corrected emission spectra of acriflavine attached to tRNA are shown in Tables 1 and 2. ---. excitation spectrum of Y ba~se of tRNAphe X 5, corrected emission spectrum of tRNAphe X 5; ..., absorption spectrum of tRNA-bound acriflavine;
, emission spectrum of tRNA-bound acriflavine.
to be 30 A. Acriflavine would be an ideal energy acceptor save for the fact that the Schiff's base link which bonds it to the tRNA is not especially stable. The other two dyes form a quite stable link with the periodate-oxidized 3' end of tRNA, but they are optically not as ideal acceptors as acriflavine. The Ro for Y transfer to 9-hydrazino acridine is only 24 A. The absorbance of PAH and 9-hydrazino acridine is appreciable at the absorption maximum of Y. This makes sensitized fluorescence difficult to observe.
The results of the energy transfer experiments are given in Table 2 . A number of different samples have been used for several of the labeled tRNA's. The extent of loading is shown in the first column. This was not very reproducible for reasons explained earlier. The most convenient way to summarize the fluorescence results is to compare the observed fluorescence with that expected if no energy transfer had occurred. The data in the fourth column of Table 2 show the change in the fluorescence of the dye acceptors at 500 my due to apparent transfer after the appropriate corrections have been made for the emission of Y at this wavelength. Similar data on the quenching of Y fluorescence at 430 m1A by the dye labels are shown in the fifth column of the table. To place these results in a meaningful perspective we have calculated the results that would be expected if the distance between donor and acceptor were equal to Ro. These are shown in column six. It is immediately apparent that we are observing far smaller changes in fluorescence than these calculated results. This demonstrates that the donor and acceptor are considerably further apart than Ro.
Before discussing the quantitative aspects of the results shown in Table 2 , we should note some of the limitations of the present approach. Except for the data obtained with acriflavine, the observed changes in fluorescence due to apparent transfer are very small. The results are reproducible to the extent shown in Table 2 . Systematic errors, while difficult to estimate, may not be Studies of the fluorescence depolarization of Y provide justification for using a value of K2 of 2/3 to calculate Ro. The rotational relaxation time of Y is 10 X 10-9 see compared with the value of 25 X 10-9 see found for the tRNA itself by nanosecond depolarization measurements on intercalated ethidium bromide. 22 These results show that the orientation of the Y group is not rigidly fixed to the macromolecule. Motion of Y will average the dipole-dipole interaction between donor and acceptor. The value of K2 will tend toward 2/3. Additional justification for the use of this value comes from the excellent agreement among results with three different acceptors. The fluorescence depolarization studies of Millar and Steiner showed that acriflavine coupled to the periodate oxidized 5' end of tRNA is rigidly fixed to the macromolecule.'9 The three dyes shown in Table 1 Figure 2 . This is by no means an exhaustive list of possible tRNA conformations. It merely indicates some of the obvious possible ways of folding a cloverleaf plus one additional structure which has been suggested from chemical evidence.27 Four of the eight structures shown in Figure 2 have values for the distance between Y and 3' terminus which fall outside the range of our experimental measurements. The hairpin model28 is also excluded by our results. Of those models which remain, one, in which the dihydro U and GTJC loops are folded down next to the stem of the tRNA, has been favored by Cramer and his co-workers on the basis of data on the specificity of performic acid oxidations of tRNAphe.8 In his model,29 the distance between Y and the 3' end is 59 A. All things considered, this is consistent with our results. At present, however, our experiments are not really accurate enough to permit a number of possible other models to be excluded. Further experiments are in progress to introduce fluorescent labels into other specific places in the tRNA molecule. If several additional intramolecular distances can be measured using techniques analogous to those described here, it should be possible to begin to make fairly precise statements about the conformations of tRNA in aqueous solution. The principal power of the fluorescence techniques described here, however, is that they are applicable, in principle, not only to isolated tRNA but also to complexes between this molecule and activating enzymes, ribosomal factors, and perhaps even whole ribosomes.
